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INTRODUCTION 

Strain hardening which accompanies slip in a metal crystal is not limited 

to the slip systems actively contributing to the plastic strain. There is also 

a strengthening of the latent slip systems which are crystallographically 

equivalent to the active system. In the case of aluminum deformed in tension, 

Taylor and Elara^' found that plastic flow on one set of octahedral planes 

caused either the s<jme or a slightly greater hardening on an inactive set« 

Similar results have been obtained for crystals of <x brass' *' and of copper- 

aluminum solid solutions^). Experiments by R8hm and KbchendSrferW 

indicated that the hardening of the active system exceeded the hardening of 

any latent system for aluminum crystals deformed in shear. On the other hand 

strain hardening in zinc and cadmium crystals tested in simple shear at -1^6° C 

was recently found to be greater in the latent than in the active slip 

direction^)0    When the strain direction was shifted during testing to a 

direction 60° from the original, a higher stress was required for glide to 

contirr-ie than would have been needed for flow to proceed in the original 

direction. 

The relation between the hardening of active and latent systems must be 

complex, depending upon the relative orientations of the systems and upon the 

experimental techniques used to deform the crystal. A detailed knowledgu of 

the hardening produced in latent systems would be valuable in choosing between 

possible dislocation models of the strain hardening process. The experimental 

data now available are incomplete and even contradictory. The present study 
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was undertaken fco provide quantitative information regarding the relative 

amount of hardening on active and latent systems for a particularly simple 

case. Zinc crystals were deformed in simple shear along one of the three 

crystallographically equivalent directions [2ll6\  fTiTo] and [FT 2 o] 

in the slip plane and the relative hardening produced in each of these 

directions was compared. 

EXPERIMENTAL PROCEDURE AND RESULTS 

The single crystals of 99»99  percent purity zinc used in this investi- 

gation were grown from the melt in the form of one-inch diameter spheres. 

Shear specimens were acid machined from the crystals by a method which has 

been described previously ("'. The gage section of the test specimen was a 

cylinder having a height of l/8 inch and a cross-sectional area of approxi- 

mately 1/3 square inch. All specimens were machined with the axis of this 

cylindrical page section aligned with the £000j axis of the crystal. 

An innovation in the design of the shearing apparatus for these tests 

was the provision for a rapid shift in the direction of the applied stress 

from one slip direction to any other slip direction lying in the same slip 

plane. Fig. 1  shows a section through the specimen and shearing apparatus, 

and Fig. 2  is a photograph of the complete assembly with extensometer in 

position. During a test the specimen and shearing apparatus were submerged 

in liquid nitrogen. A shift from one slip direction to another could be 

accomplished without removal of the assembly from the nitrogen, thus avoiding 

the possibility of recovery occurring during the interval in which the 

direction change was being made. 

The observation that hardening of a latent 3lip system may exceed that 

of the active system appears to be generally valid for zinc. A considerable 

number of crystals with somewhat different previous histories with regard to 
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FIG.2 ROTATION ASSEMBLY SHOWING A SHIFT IN THE DIRECTION 
OF STRAINING FROM ONE SLIP DIRECTION TO A NE1 DIRECTION 
120«*FROM THE ORIGINAL IN THE SAME CRYSTALLOGRAPHIC SLIP 
PLANE. 
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orientation during growth, heat treatment, and macro-substructure were strained 

approximately k  percent in a given slip direction at -196° C, unloaded, and 

immediately strained in a second slip direction 60° from the original direction. 

In every instance the shear stress required to cause slip to begin in the new 

direction was considerably higher than the stress which would have been 

necessary for slip to continue in the original direction. 

The strain hardening, including the increment due to this change in 

slip directions, could be completely eliminated by annealing. Fig. 3 shows 

three successive stress-strain curves obtained from the same crystal for which 

the direction of straining was shifted during each test to a new slip 

direction 60° from the first after a strain of 2.6^ in the original direction* 

The crystal was annealed for one hour at U00° C before each test. Selection 

of any one of the three slip directions as the first active direction after 

annealing produced the same set of curves showing that the crystal had been 

returned to its origina.' x3otropic condition by the annealing treatment. 

Because of the complete recovery, it was practicable to study in the same 

crystal the magnitude of the hardening of each latent system in relation to 

the amount of previous strain in the active system* Errors which might have 

been introduced by comparing data obtained from crystals of different degrees 

of internal perfection were thus avoided. 

The shear stress increase required to cause plastic flow to take place 

in the second slip direction was found to increase as a function of 3train 

in the original direction. A series of tests was performed on a crystal in 

which the strain in the original direction was varied from 0.3 to 10 percent. 

Representative examples of the individual tests are reproduced in Figss h 

and 5, showing the effect of shifting to » new slip direction 60° and 120°, 
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respectively, from the original direction.   Fig. 6 is a plot obtained from 

these data indicating that the stress increase required for flow to begin in 

the second direction rises sharply for small strains in the original 

direction. At larger strains the rate of Increase is less rapid and becomes 

linear with strain in the first direction. All the data recorded in Fig. 6 

were obtained from a single specimen. The only significant difference between 

the results obtained from 120° shifts of direction a3 compared to those from 

60° shifts was the occurrence of a small amount of strain at low stress 

levels when the strain direction was shifted 120°. 

Another series of tests were performed in which the strain direction 

was changed by 180°, using the same crystal from which the data on 60° and 120° 

shifts in strain direction were obtained. A representative example of one of 

these testa is shown in Fig. 7* • A measureable amount of strain in the 

reverse direction was always observed at a very low applied stress and a 

considerable reverse strain occurred before a stress equal to the maximum 

achieved in the forward direction was reached. Even at very larg& strains 

in the reverse direction, the stress was less than the value it would have 

reached at the same total, strain had the reversal not taken place. A portion 

of the strain hardening was thus permanently lost as a result of the reversal. 

Fig. 8  shows that the stress-strain curve after reversal of the strain 

direction fell below the extrapolated original curve by an amount that 

increased linearly with strain in the original direction. The decrease in 

the flow stress plotted in Fig.8  was measured after a strain of 3 percent 

in the reverse direction. 

i 
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DISCUSSIONS AND CONCLUSIONS 

No adequate theory for the strain hardening accompanying the plastic 

deformation of metal crystals by simple slip (easy glide, lamelar slip) 

h^s yet been proposed* Kochendo'rfer^' has suggested that this hardening, 

which is approximately linear with strain, is due to the action of back 

stresses created by dislocations piled up at regions of crystal imperfection. 

The local stress at dislocation sources was assumed thereby to be decreased and 

continued slip would then require an increase in applied stress. ?&?tt^' has 

suggested that, the primary barrier to the motion of dislocations during simple 

slip i3 probably other dislocations which cut across the active slip plane and 

have a Burgers vector component normal to the slip plane. In cubic structures 

these dislocations could lie on other equivalent slip planes; in hexagonal 

crystals they would be dislocations with a Burgers vector in the c direction. 

The motion of the screw segments of dislocation loops expanding from a 

source in the slip plane would be retarded by these intersecting dislocations« 

Read^  has pointed out that the crossing of two screw dislocations at right 

angles produces a step in each of the dislocations. Any motion of the stepped 

screw dislocation is accompanied by the formation of a row of lattice 

vacancies or interstitial atoms which are left behind the moving step. 

The experimental results obtained from the 180° reversal of applied 

stress are not inconsistent with the thought that a strained crystal may 

contain dislocation loops which have encountered obstacles and therefore 

have not been able to spread completely across the slip plane. The low stress 

required to initiate strain in the reverse direction appears to confirm the 

idea of a back stress due to such partially expanded loops. The linear 

manner in which the permanent softening due to a reversal increases with strain 
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in the first direction suggests that the number of dislocations held up behind 

obstacles increases linearly with strain and that the linear strain hardening 

is associated with the presence of these immobilized dislocations. 

The results of 60° and 120° shifts of strain direction are not> however, 

easily understood on the basis of ihe simple picture presented above because 

it leads to the conclusion that the strain hardening should be greatest in 

the initial direction. The component of back stress acting in any direction 

in the same slip plane should vary with the cosin« of the angle between this 

direction and the initial direction. This conclusion was pointed out by 

KochendBrferW and apparently was confirmed by his results obtained on 

aluminum crystals using an experimental technique somewhat less direct than 

that employed here. 

The present results obtained for hexagonal crystals in which only one 

slip plane exists were not consistent with this conclusion. The hardening in 

60° and 120° directions was greater than the hardening in the initial direction. 

Only a component of the back stress due to immobile dislocations left by the 

strain in the first direction would act in the 60° ann* 120° directions. In the 

120° direction this component of back stress would add to the applied stress. 

Therefore -ha action of back stresses on the sources of dislocations does not 

appear to be the controlling factor. An (alternative approach is to assume that 

the effectiveness of barriers increases with increasing strain; a fraction of 

the dislocations moving through the crystal becoming arranged into metastable 

arrays which in turn tend to trap additional moving dislocations. The simplest 

example of such a metastable array is a wall of like edge dislocations in a 

plane at right angles to their common Burgers vector. The magnitude of the 

back stress is then dependent upon the strength of the barrier. Strain can 

only proceed when a stress great enough to move dislocations through the 

obstacles is reached. The low 
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stress required for initial strain in the back direction would then be due to 

backward motion of dislocations piled up against the barriers but not incor- 

porated into metastable networks* The permanent loss ox cf,r*iu hardening 

accompanying continued strain in the back direction might be due to 

dislocations of opposite sign issuing fros? the same sources which were 

responsible for the strain in the first direction. These could have the 

effect of partially eliminating the barriers Dy combinations of dislocations 

of opposite sign. Only a shift of 180° in the direction of straining would 

be expected to be accompanied by a permanent loss of a portion of the strain 

hardening s 

Dislocation reactions of the type § \_2lT6]  + $ [U2 0] -* y[l 2. I 0] 

between the dislocations being generated by the applied stress in the new 

direction and those already present due to strain in the first direction 

might create immobile nodes, resulting in the formation of a large number of 

barriers in the early stages of strain in the new direction. The magnitude 

of the hardening effect duo to the barriers of this type might be expected to 

be proportional to the number of them formed, which might in turn be 

proportional to the density of dislocations left in the crystal after straining 

in the first direction. 

Since the hardening due to simple unidirectional slip, as well as the 

additional increment of hardening produced by shifting to a new slip 

direction during a test can be completely removed by heating the crystal 

near the melting point, the barriers which are responsible for the hardening 

must be of a form which can disappear when dislocation climb is permitted. 

A dislocation arrangement built up from complete dislocation loops would be 

expected to have this property since it would be a netwsr;? containing *» equal 

number of interconnected positive and negative dislocation elements. 
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n  SUMMARY 

When a zinc crystal is deformed in simple shear, anisotropic strain 

hardening occurs in which the inactive slip systems are hardened more than 

the active one. The hardening effect is substantially the game for latent 

systems whose directions lie at 60° and 120° to the slip direction of the 

active system. The hardening of the latent systems is possibly due to 

dislocation barriers formed in the crystal during the initial stages of 

plastic flow in the latent directions. These barriers to dislocation 

movement in latent directions are a type which can be removed by annealing. 

When the direction of straining is reversed, plastic flow begins at a 

stress much lower than that required for the onset of slip in the original 

direction. This effect is attributed to movement of dislocations which are 

trapped at internal barriers during deformation in the forward direction but 

which can move freely in the reverse direction. The permanent loss of a 

portion of the strain hardening when the direction of straining is reversed 

may be due to annihilation of some of the dislocations trapped in the crystal 

during the first strain. 
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